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Dendritic Spine Heterogeneity
Determines Afferent-Specific
Hebbian Plasticity in the Amygdala
ing feedforward or recurrent excitatory input. These in-
puts often differ not only in terms of afferent activity
but also with respect to postsynaptic mechanisms of
activity-dependent synaptic plasticity (Nicoll and Ma-
lenka, 1995; Hansel and Linden, 2000). Structural and
Yann Humeau,1,2 Cyril Herry,1 Nicola Kemp,3
Hamdy Shaban,1 Elodie Fourcaudot,1,2
Stephanie Bissie`re,1 and Andreas Lu¨thi1,3,*
1Friedrich Miescher Institute
Maulbeerstrasse 66
functional features of the postsynaptic component, es-CH-4058 Basel
pecially of dendritic spines, play an important role inSwitzerland
determining the influence of specific afferents impinging2UPR2356
on the same dendritic arbor. Presently, this form of orga-CNRS
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structure, like the hippocampus, the neocortex, and theFrance
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question of whether, and if so how, structural parti-Switzerland
tioning of afferents to postsynaptic sites on dendrites
occurs or, if this is not the case, then what principles
of afferent specificity apply in these cases.Summary
Projection neurons in the lateral nucleus of the amyg-
dala (LA) exhibit dendritic arbors largely lacking spatialFunctional compartmentalization of dendrites is thought
polarization (Pare´ et al., 1995; Faber et al., 2001) andto underlie afferent-specific integration of neural ac-
receive converging excitatory inputs from the thalamustivity in laminar brain structures. Here we show that
and from the cortex (Carlsen and Heimer, 1988; Farbin the lateral nucleus of the amygdala (LA), an area
and LeDoux, 1997, 1999; Smith et al., 2000). Activity-lacking apparent laminar organization, thalamic and
dependent Hebbian plasticity at cortical and/or thalamiccortical afferents converge on the same dendrites,
afferents to LA projection neurons is generally thoughtcontacting neighboring but morphologically and func-
to underlie, at least in part, classical Pavlovian fear con-tionally distinct spine types. Large spines contacted
ditioning (LeDoux, 2000; Maren, 2001; Tsvetkov et al.,by thalamic afferents exhibited larger Ca2 transients
2002). In other brain areas, Hebbian long-term potentia-during action potential backpropagation than did small
tion (LTP) or long-term depression (LTD) can be inducedspines contacted by cortical afferents. Accordingly,
depending on the relative timing of presynaptic inputinductionofHebbianplasticity, dependent onpostsyn-
and postsynaptic backpropagating action potentialsaptic spikes, was restricted to thalamic afferents. This
(BPAPs) (Markram et al., 1997; Magee and Johnston,synapse-specific effect involved activation of R-type
1997; Debanne et al., 1998; Bi and Poo, 1998, 2001).voltage-dependent Ca2 channels preferentially lo-
This so-called spike timing-dependent plasticity (STDP)cated at thalamic inputs. These results indicate that
requires postsynaptic Ca2 elevation (Mainen, 1999;afferent-specific mechanisms of postsynaptic, asso-
Sjo¨stro¨m and Nelson, 2002). Several sources of Ca2,ciative Hebbian plasticity in LA projection neurons de-
such as N-methyl-D-aspartate (NMDA) receptors andpend on local, spine-specific morphological and mo-
voltage-dependent Ca2 channels (VDCCs), have beenlecular properties, rather than global differences
implicated in the induction of STDP (Magee, 1999;
between dendritic compartments.
Mainen, 1999; Sabatini and Svoboda, 2000; Yasuda et
al., 2003). BPAPs are particularly effective in activating
Introduction VDCCs in the dendritic arbor of hippocampal and corti-
cal pyramidal cells (Sabatini and Svoboda, 2000; Magee,
Neuronal network function relies on precise and input- 1999).
specific changes in synaptic strength. Induction of asso- To investigate afferent specific plasticity at identified
ciative, Hebbian synaptic plasticity at excitatory syn- thalamic and cortical synapses on dendrites of LA pro-
apses onto principal (projection) neurons is classically jection neurons, we have used a combination of two-
mediated by postsynaptic Ca2-dependent mechanisms photon confocal imaging andwhole-cell recording tech-
(Bliss and Collingridge, 1994; Bi and Poo, 2001). Input niques. We find that the morphologies of spines located
specificity of postsynaptic Ca2 signaling, and hence on the samedendritic branches are specificallymatched
Hebbian plasticity, is thought to require compartmental- to different presynaptic inputs. This morphological di-
ization of local synaptic Ca2 transients in dendritic versity is correlated with distinct spine Ca2 dynamics
spines (Harris and Kater, 1994; Yuste et al., 2000; Nim- and different mechanisms of Hebbian plasticity: BPAPs
chinsky et al., 2002). elicited greater Ca2 transients in large, mushroom-
Projection neurons receive converging presynaptic shaped spines contacted by thalamic afferents than in
afferents originating from different brain areas, provid- small spines postsynaptic to cortical afferents. Consis-
tent with spine type-specific Ca2 dynamics, we found
that induction of STDP was restricted to thalamic affer-*Correspondence: andreas.luthi@fmi.ch
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ents. Both action potential-evoked Ca2 transients in tion by brief trains of backpropagating postsynaptic ac-
large spines and the induction of STDP at thalamic affer- tion potentials (APs) (Sabatini and Svoboda, 2000). When
ent synapses required activation of postsynaptic R-type compared to the amplitude of the [Ca2] transients in the
voltage-dependent Ca2 channels (R-VDCCs). Pharma- parent dendrite, some spines showed larger and other
cological and immunohistochemical analysis of identi- spines smaller Ca2 responses (Figure 2). After sorting
fied synapses revealed that -1E containing R-VDCCs the spines according to their morphological features
are preferentially located at and activated on thalamic as described above, we noticed a striking correlation
spines. This indicates that in projection neurons in a between functional andmorphological spine properties:
nuclear brain structure, such as the LA, local and spine- stimulation with 5 APs at 30 Hz triggered significantly
specific morphological and molecular properties, rather greater [Ca2] transients in large spines (types Ib, II) as
than global differences between distinct parts of the compared to small spines (types Ia, III) (large spines:
dendritic arbor, underlie distinct, afferent specificmech- 43.8%  2.9%  G/R, n  11; small spines: 29.5% 
anisms of functional synaptic plasticity. 2.5%  G/R, n  18; p  0.01) (Figure 2).  [Ca2] was
quantified as a ratio of green (Ca2-sensitive) over red
Results (Ca2-insensitive) fluorescence to obtain Ca2measure-
ments that are independent of spine volume (Oertner et
Dendritic Spines Contacted by Thalamic and al., 2002). These results suggest that dendritic spines
Cortical Afferents Exhibit Different Morphologies on LA projection neurons, although located on the same
To investigate dendritic location, structure, and function dendrites, generally fall into two categories (small and
of identified dendritic spines contacted by thalamic or large) associated with specific afferent input and differ-
cortical afferents, we imaged spines and dendrites of ential [Ca2] dynamics.
projection neurons located in the dorsal subdivision of
the LA with a Ca2-sensitive fluorophore while stimulat- Afferent-Specific Induction of STDP
ing afferent fibers from the internal capsule, containing Postsynaptic Ca2 signaling properties are key determi-
thalamic afferents (Weisskopf et al., 1999), or from the nants underlying the induction of Hebbian plasticity at
external capsule, containing cortical afferents (Figure many synapses in the brain (Mainen, 1999; Sjo¨stro¨m and
1A; see Experimental Procedures; Huang and Kandel, Nelson, 2002). Coincidence between excitatory post-
1998). Neurons in coronal slices prepared from 3- to synaptic potentials (EPSPs) and backpropagating APs
4-week-old male C57BL/6J mice were loaded with a leads to the induction of LTP or LTD, depending on the
Ca2-sensitive green dye (Fluo-5F) and a Ca2-insensi- relative timing of EPSPs and APs (Bi and Poo, 2001;
tive red dye (Alexa-594) (Yasuda et al., 2003). Spines Sjo¨stro¨m and Nelson, 2002). Since LA projection neu-
located on primary to quaternary dendrites exhibited a rons canbedriven to fireAPs by somatosensory stimula-
variety of morphologies including small stubby (type Ia; tion, such as foot-shocks used for fear conditioning (Ro-
spine head radius  0.55 m), large stubby (type manski et al., 1993; Rosenkranz and Grace, 2002; Blair
Ib; 0.55 m), mushroom-shaped (type II; 0.55 m), et al., 2003), we compared STDP at thalamic and corti-
and thin spines with a small head (type III; 0.55 m) cal afferents.
(Figures 1B and 1C; Harris and Kater, 1994). Individual
Low-frequency baseline stimulation in the presence
spines contacted by thalamic or cortical afferents were
of the GABAA (	-aminobutyric acid) receptor antagonistidentified based on stimulation-induced NMDA (N-methyl-
picrotoxin (100 M) elicited monosynaptic EPSPs ofD-aspartate) receptor-mediated changes in the concen-
similar amplitudes and slopes at both afferent inputstration of intracellular free Ca2 ( [Ca2]) measured
(thalamic: 4.4  0.4 mV, 0.83  0.06 mV ms
1, n  46;at 30 mV (Figures 1D and 1E). Spines postsynaptic to
cortical: 4.1  0.3 mV, 0.88  0.06 mV ms
1, n  40).thalamic or cortical afferents were located at the same
Pairing short bursts of 3 EPSPs and 3 APs (EPSP-APaverage distance from the soma (thalamic: 76  8 m;
delay 5 to 10 ms; intraburst frequency: 30 Hz; re-range, 27–122 m; n  17; cortical: 87  8 m; range,
peated 15 times at 0.2 Hz; Figure 3A) resulted in the42–153 m; n  19) and on dendrites of the same aver-
induction of LTP at thalamic afferent synapses (132%age branching order (thalamic: 3.37  0.26, n  17;
12% of baseline; n  10; p  0.05; Figures 3B and 3D;cortical: 3.05  0.30, n  19). In some cases, they were
Bissie`re et al., 2003), similar to findings at excitatoryon the same dendritic branch separated by less than
inputs to cortical and hippocampal pyramidal cells (Bi5 m (Figure 1F). Notably, thalamic and cortical spines
and Poo, 2001). Presynaptic or postsynaptic stimulationexhibited different morphologies. Whereas cortical
alone did not result in LTP induction (EPSPs alone:spines generally belonged to the categories with small
101%  11% of baseline, n  5; APs alone: 102% heads (0.51  0.02 m, n  19; type Ia and type III;
11% of baseline, n  5; Figure 3C). In contrast to LTPreferred to as “small spines”), spines contacted by thala-
at cortical afferents (Tsvetkov et al., 2002; Humeau etmic afferents had significantly larger spine heads (0.68
al., 2003), STDPat thalamic afferentswasnot associated0.04 m, n  17; p  0.001; type Ib and type II; referred
with a change in paired-pulse facilitation, indicating dis-to as “large spines”) (Figures 1G and 1H). There was no
tinct mechanisms of LTP expression (Figure 3E). Re-difference in the size of the parent dendrite for thalamic
versing the EPSP-AP sequence during pairing (
5 toand cortical spines (cortical: 0.60  0.03 m, n  19;

10 ms delay) led to the induction of LTD (74%  8%thalamic: 0.59  0.03 m, n  17; p  0.05) (Figure 1H).
of baseline, n 10; p 0.01; Figures 3B and 3D). Induc-
tion of LTP and LTD was blocked by the competitiveSpine Type-Specific Ca2 Signaling during AP
NMDA receptor antagonist CPP (20 M; 10 ms:Backpropagation
106%  8% of baseline, n  8; 
10 ms: 108%  10%To probe for functional differences between small and
large spine types, we assessed  [Ca2] upon stimula- of baseline, n 5; Figure 3C) and by postsynaptic perfu-
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Figure 1. Identification and Morphological Characterization of Dendritic Spines Contacted by Thalamic or Cortical Afferents
(A) Placement of stimulating and recording electrodes.
(B) Left: dye-filled LA projection neuron, scale bar equals 20 m. Right: higher magnification of a tertiary dendrite illustrating different spine
types, scale bar equals 2 m.
(C) Classification of spine types (n  124 analyzed spines from 12 different neurons).
(D and E) Left: visualization of the spine (red fluorescence, Alexa-594). Middle: [Ca2] transient after cortical or thalamic stimulation (green
fluorescence, Fluo-5F), scale bars equal 2 m. Right: line scan across spine head and parent dendrite. White arrows indicate the time of
afferent stimulation. Scale bars equal 0.5 s.
(F) Thalamic and cortical spines are located on the same dendritic branches.
(G) Classification of identified spines contacted by thalamic (n  17) or cortical (n  18) afferents.
(H) Left: cumulative plot of spine head radius for thalamic and cortical spines. Right: averaged radius of thalamic (T) and cortical (C) spines
and the corresponding parent dendrites. Thalamic spines exhibit significantly larger spine heads (p  0.001).
sion with the Ca2 chelator BAPTA (30 mM; 10 ms: cortical and thalamic afferents exhibited similar tempo-
ral summation of EPSPs elicited by three stimulations85%  13% of baseline, n  3; 
10 ms: 94%  13%
of baseline, n  6; Figure 3C). at 30 Hz (not shown), and similar miniature EPSC wave-
forms (evoked in the presence of Sr2) (see Supplemen-In contrast to thalamic afferents, application of the
same pairing protocol to cortical afferent synapses did tal Figure S1), which is in agreement with our imaging
data showing that thalamic and cortical afferent syn-not result in the induction of spike timing-dependent
LTP or LTD at any of the tested EPSP-AP delays (10 apses are located on the same dendrites. Thus, the
complete absence of STDP at cortical afferent synapsesms: 102%  9% of baseline, n  6; p  0.05; 
10 ms:
93%  11% of baseline, n  5; p  0.05; Figure 3F). cannot be explained by differences in NMDA or AMPA
receptor-mediated synaptic transmission or by a differ-Confirming earlier studies (Mahanty and Sah, 1999;
Tsvetkov et al., 2004; but see Weisskopf and LeDoux, ent synaptic location on the dendritic tree.
1999), we found no significant difference between the
two afferents in the voltage dependence of the NMDA Postsynaptic Induction of Synaptic Plasticity
at Cortical Afferentsor theAMPA (-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate) receptor-mediated components of the EPSC, In previous studies, tetanic stimulation (Huang and Kan-
del, 1998) or presynaptic stimulation paired with pro-or in the ratio between the AMPA and the NMDA compo-
nent (see Supplemental Figure S1 at http://www.neuron. longed postsynaptic depolarization (Tsvetkov et al.,
2002, 2004) was used to induce NMDA receptor-depen-org/cgi/content/full/45/1/119/DC1/). Furthermore,
Neuron
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To assess whether there was a causal relationship be-
tween postsynaptic Ca2 dynamics and induction of
synaptic plasticity at cortical afferents, we applied the
smooth endoplasmic reticulum calcium ATPase (SERCA)
inhibitor cyclopiazonic acid (CPA; 15 M). CPA slows
down [Ca2] decay kinetics in spines and dendrites,
thereby increasing the integral of the [Ca2] transients
during repetitive AP backpropagation (Holthoff et al.,
2002). Consistent with the hypothesis that the lack of
STDP at cortical afferents is caused by lower [Ca2]
transients than at thalamic synapses, we found that in
the presence of CPA pairing, brief bursts of presynaptic
stimulation with postsynaptic APs induced LTD at corti-
cal afferents (72%  19% of baseline, n  4; p  0.05;
Figure 4A). Since we did not observe any difference in
the mean decay time constant of [Ca2] transients in
spines exhibiting large or small BPAP-induced  [Ca2]
(corresponding to thalamic and cortical spine types, re-
spectively; see Figure 2) (decay: large  [Ca2] spines:
340  30 ms, n  15; small  [Ca2] spines: 297  31
ms, n 15; p 0.05), it is unlikely that SERCA-mediated
Ca2 extrusion is simply more efficient at cortical syn-
apses (Majewska et al., 2000). LTD induction occurred
at EPSP/AP delays of 10 or 
10 ms (but not at 20
or 
20 ms), indicating that CPA did not increase the
integral of the [Ca2] transients sufficiently for induction
of LTP. Therefore, we applied additional, sustained de-
polarization to 
20 mV in between the APs during a
burst. As expected, pairing the same presynaptic stimu-
lation paradigmwith sustained postsynaptic depolariza-
tion now resulted in LTP at cortical afferents (143% 
17% of baseline, n 12; p  0.05; Figure 4B). Like LTD,
LTP at cortical afferents was not affected by the relative
timing between the first EPSPand the first AP, indicating
that a general boosting of [Ca2] transients can enable
induction of LTD or LTP but that temporal precision of
postsynaptic [Ca2] transients might be insufficient for
induction of STDP under these conditions.
We were concerned that cortical afferent synapses
differed not only in terms of postsynaptic [Ca2] tran-
sients but that LTPat these synapseswas fundamentally
Figure 2. Spine Type-SpecificCa2Signaling during APBackpropa- different fromLTPat thalamic synapses.We found, how-
gation ever, that LTP at cortical synapses, like LTP at thalamic
(A) Left: dendritic branch with analyzed spine. Dashed line indicates inputs, was completely blocked by the NMDA receptor
the position of the line scan. Right: red and green fluorescence antagonist CPP (102%  12% of baseline, n  5; p 
during the backpropagation of a short burst of action potentials (5
0.05; Figure 4B), by postsynaptic perfusion with BAPTAAPs, see inset). Time of stimulation is indicated by the white arrows,
(101%  10% of baseline, n  5; p  0.05; Figure 4B),scale bar equals 0.8 s. Bottom: time course of fluorescence intensity
and by the CaMK-II antagonist KN62 (10 M; cortical:in the green channel normalized to the red channel (G/R), in the
spine and in the parent dendrite. 98%  12% of baseline, n  5; p  0.05; thalamic:
(B) Fluorescence intensity (G/R) changes in different spine types 101%  18% of baseline, n  5; p  0.05; Figure 4C).
apposed to the same parent dendrite during AP backpropagation. Thus, synaptic plasticity can be induced at cortical affer-
Scale bars equal 20% (G/R), 0.8 s.
ents and relies on similar mechanisms as at thalamic(C) Analysis of the [Ca2] transient triggered by backpropagating
synapses, provided that postsynaptic [Ca2] transientsAPs in different spine types (n  8, 4, 7, and 11 for types Ia, Ib,
II, and III, respectively), compared to the [Ca2] transient in the are sufficient.
corresponding parent dendrite. Type Ia and type III spines exhibited
significantly smaller [Ca2] transients than their parent dendrites
(p  0.01).
VDCCs and Synaptic Plasticity at Thalamic
and Cortical Afferents
We addressed the question of whether the differencesdent LTP at cortical afferents. Here, depolarization pro-
in spine [Ca2] dynamics and the differences in synapticvided by the short trains of APs during the induction of
plasticity could be related to a single underlying mecha-STDP is very brief, and postsynaptic Ca2 levels may
not reach threshold for induction of synaptic plasticity. nism. Given the spine type-specific impact of backprop-
Functional Diversity of Spines in the Amygdala
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Figure 3. Input-Specific Induction of Spike
Timing-Dependent Plasticity at Thalamic
Afferents
(A) Schematic illustrating the induction proto-
col consisting of 15 bursts of 3 APs and 3
EPSPs at 30 Hz.
(B) Time course of bidirectional changes in
EPSP slope at thalamic afferents induced by
EPSP-AP pairing at 5 to 10 ms (n  10)
or 
5 to 
10 ms (n  5). Scale bars equal
1.5 mV and 40 ms.
(C) Spike timing-dependent LTP is associa-
tive since it cannot be induced by EPSPs
alone (n  5, p  0.05) or APs alone (n  5,
p 0.05). It is blocked by the NMDA receptor
antagonist CPP (n 8, p 0.05) and by post-
synaptic perfusion with the Ca2 chelator
BAPTA (n 3, p 0.05). Spike timing-depen-
dent LTD requires NMDA receptor activation
(CPP; n 5, p 0.05) and postsynaptic Ca2
elevation (BAPTA; n  6, p  0.05).
(D) Plot illustrating the time windows for the
induction of LTP and LTD at thalamic affer-
ents. EPSP-AP delays were binned into
ranges from 20 to 10 ms (n  6); 10
to 6 ms (n  5; p  0.05); 6 to 0 ms (n 
12); 0 to 
6 ms (n  4); 
6 to 
10 ms (n 
5; p  0.05); and 
10 to 
25 ms (n  9).
(E) Spike timing-dependent LTP at thalamic
afferents (filled circles) does not affect the
paired pulse ratio (gray circles; PPR; n  5;
p 0.05). Scale bars equal 4 mV and 100 ms.
(F) Plot illustrating the complete lack of STDP
at cortical afferents. EPSP-AP delays were
binned into ranges from 20 to 10 ms (n 
10); 10 to 6 ms (n  6); 6 to 0 ms (n 
6); 0 to 
6 ms (n  5); 
6 to 
10 ms (n  5);
and 
10 to 
20 ms (n  8).
agating APs on spine [Ca2] transients, presumably re- tion. Consistent with an equal contribution of L-VDCCs
to Ca2 signaling at both inputs, we found that no signifi-flecting differential activation of VDCCs (Sabatini and
Svoboda, 2000), we assessed the contribution of spe- cant LTP was induced at cortical synapses in the pres-
ence of verapamil (109%  19% of baseline, n  5; p cific VDCCs to STDP induction. L-type Ca2 channels
(L-VDCCs) have previously been reported to contribute 0.05; Figure 5C).
Based on previous studies demonstrating activationto LTP induction in the hippocampus (Morgan and
Teyler, 2001) and in the LA (Huang and Kandel, 1998; of dendritic R-VDCCs by BPAPs in cortical pyramidal
cells (Sabatini and Svoboda, 2000; Yasuda et al., 2003),Weisskopf et al., 1999; Bauer et al., 2002; Shinnick-
Gallagher et al., 2003). Indeed,we found that the L-VDCC we assessed the effect of R-type channel blockers on
STDP at thalamic afferents. A low concentration of Ni2antagonist verapamil (50 M) blocked spike timing-
dependent LTP at thalamic afferents (95%  14% of (10 M) specifically blocking R- and T-type Ca2 chan-
nels (Yasuda et al., 2003) completely abolished LTPbaseline, n  5; Figure 5A). Verapamil did not affect
presynaptic release as assessed by three stimulations (86%  14% of baseline, n  8; p  0.05; Figure 5A)
and LTD (100%  4% of baseline, n  5; p  0.05;at 30 Hz (n  4; p  0.05; see Supplemental Figure S2).
In contrast to LTP, induction of LTD at thalamic afferents Figure 5B). There was no effect of Ni2 on presynaptic
release at thalamic or cortical afferents as indicated bydid not require activation of L-VDCCs (58%  9% of
baseline, n  4; p  0.05; Figure 5B), indicating that a lack of effect on EPSP amplitude and on paired-pulse
ratio during repetitive stimulation (n  5; p  0.05; seedifferent Ca2 sources contribute to the induction of
spike timing-dependent LTP and LTD. To compare the Supplemental Figure S2). To identify the Ca2 channel
subtype affected by Ni2 application, we repeated therole of L-VDCCs during LTP induction at thalamic and
cortical afferents, we assessed the effect of verapamil experiments in the presence of the specific R-VDCC
blocker SNX482 (100 nM) (Newcomb et al., 1998; Wilsonon cortical LTP inducedby presynaptic stimulation com-
bined with strong, sustained postsynaptic depolariza- et al., 2000). SNX482 completely blocked LTP (96% 
Neuron
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14% of baseline, n  5; Figure 5A) and LTD (93%  8%
of baseline, n  5; Figure 5B) without any effect on
baseline synaptic transmission (n  4; p  0.05; see
Supplemental Figure S2). In contrast to the equal block-
ade of LTP at thalamic and cortical afferent synapses
by the L-VDCC antagonist verapamil, we found that Ni2
did not interfere with cortical LTP (141% 13%of base-
line, n  7; p  0.05; Figure 5C), suggesting that a
preferential activation of R-VDCCs at thalamic synapses
might underlie input-specific induction of STDP.
To assess whether the brief depolarization induced
by somatic APs during induction of STDP would be
sufficient for the activation of somatic or dendritic
R-VDCCs, we measured the effect of SNX482 on mem-
brane depolarization during short bursts of APs at 30
Hz. SNX482 induced a significant decrease in the after-
depolarization following APs in a 30 Hz burst in 3 out
of 4 cells (see Supplemental Figure S2). Together, these
data indicate that R-VDCCs play an essential role during
EPSP/AP pairing at thalamic afferent synapses, sug-
gesting that R-VDCCs, in synergy with NMDA receptors,
might boost [Ca2] transients and/or depolarization dur-
ing coincident pre- and postsynaptic spiking.
Spine Type-Specific Activation of R-VDCCs
by Backpropagating APs
Since large and small spine types exhibited differential
postsynaptic [Ca2] dynamics upon stimulationwith back-
propagating APs and because R-VDCCs are strongly
activated by backpropagating APs, we tested whether
R-VDCC activation in large spines could account for the
observed spine type specificity. Indeed, we found that
NiCl2 (10 M) reduced  [Ca2] in spines exhibiting large
[Ca2] transients (S spines; n  8; p  0.001), but not
in spines showing small [Ca2] transients (S
 spines;
n  8; p  0.05) (Figures 6A and 6B). R-VDCC blockade
essentially transformed spines with large  [Ca2] into
spineswith small [Ca2] (Figure 6A). Application of Ni2
slightly reduced [Ca2] transients in parent dendrites
(Figure 6B). However, this effect was not significantly
different between dendrites close to S or S
 spines
(Figure 6B). Nevertheless, this raises the question of
whether blockade of STDP at thalamic afferents (con-
tacting S spines) by Ni2 was due to an effect on den-
dritic rather than on spine [Ca2] transients. Therefore,
we tried to induce LTP at thalamic afferents 5 min after
the start of Ni2 application. At this time point, 10 M
Ni2 significantly reduced  [Ca2] in S spines but did
not have any effect on parent dendrites (spine: 83% 
4% of baseline, n  8; p  0.01; dendrite: 96%  4%
Figure 4. Postsynaptic Induction of Plasticity at Cortical Afferents of baseline, n  8; p  0.05; see Supplemental Figure
Requires Elevated Postsynaptic Ca2 Levels S3). However, even after 5 min of Ni2 application, LTP
(A) Induction of LTD at cortical afferents by pairing presynaptic at thalamic synapses was completely blocked (93% 
stimulation with postsynaptic APs (see inset) in the presence of 13% of baseline, n  5; p  0.05; see Supplemental
the CPA (black symbols; n  4, p  0.05) as compared to control Figure S3), indicating that a reduction in spine [Ca2]
conditions (gray symbols; n  6, p  0.05). Scale bars equal 2 mV
underlies the blockade of LTP induction.and 20 ms.
Consistent with a role for L-VDCCs in dendritic [Ca2](B) Top left and bottom: induction of LTP at cortical afferents by
pairing presynaptic stimulation with sustained postsynaptic de- dynamics, we found that the L-VDCC antagonist nimo-
polarization (black symbols; see inset; n 12, p 0.05) as compared
to the same protocol in the absence of sustained depolarization
(gray symbols; n  6, p  0.05). Top right: LTP at cortical afferents
is blocked by application of the NMDA receptor antagonist CPP (C) LTP at cortical and thalamic afferents is blocked by the CaMKII
(n  5, p  0.05) and by postsynaptic perfusion with the Ca2 antagonist KN62 (cortical: black symbols, n 5, p 0.05; thalamic:
chelator BAPTA (n 5, p 0.05). Scale bars equal 2 mV and 10 ms. white symbols; n  5, p  0.05). Scale bars equal 2 mV and 20 ms.
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tial [Ca2] dynamics in different spine types and possibly
to afferent specificity of STDP.
R-VDCC Activation at Thalamic Spines
To directly show the specific activation of R-VDCCs at
thalamic afferent synapses, we assessed the effect of
R-VDCCblockade onBPAP-induced [Ca2] transients at
identified cortical and thalamic synapses. We identified
single spines contacted by cortical or thalamic axons
using afferent stimulation-induced [Ca2] transients and
subsequently imaged [Ca2] in response tobrief bursts
of BPAPs (Figures 7A–7C). Consistent with the previous
results, we found that  [Ca2] in thalamic spines was
significantly reduced by application of Ni2, whereas
cortical spines and parent dendrites were not signifi-
cantly affected (thalamic: 67%  8% of baseline, n 
7; p  0.01; cortical: 89%  15% of baseline, n  6;
p  0.05; parent dendrite: 88%  9% of baseline, n 
13; p  0.05) (Figure 7D). This indicates either that
R-VDCCs are located preferentially on dendritic spines
contacted by thalamic afferents or that there exist input-
specific mechanisms selectively coupling or uncoupling
homogeneously distributed R-VDCCs to/from Ca2-
dependent signaling at thalamic or cortical inputs.
-1E Containing R-VDCCs Are Preferentially
Located at Thalamic Afferent Synapses
To distinguish between these two scenarios, we per-
formed an immunohistochemical analysis using anti-
bodies against the R-VDCC-specific Ca2 channel sub-
unit -1E (Newcomb et al., 1998; Wilson et al., 2000).
We found that -1E immunoreactive puncta colocalized
with the postsynaptic density marker protein PSD-95
(Figure 8A). PSD-95/-1E colocalization correlated with
the apparent size of the PSD-95 clusters. Whereas small
PSD-95 clusters did show low levels of colocalization,
larger PSD-95 clusters were mostly colocalized with
-1E immunoreactivity (Figure 8A), suggesting that -1E
containing R-VDCCs are postsynaptic to thalamic affer-
ents. Moreover, -1E immunoreactivity was found juxta-
posed to punctate staining for the presynaptic marker
protein synaptophysin, indicating that postsynaptic
spines expressing -1E-containing R-VDCCs are con-
tacted by presynaptic afferents (Figure 8B). To directly
compare postsynaptic -1E expression at thalamic and
cortical afferents, we used in vivo injections of the an-Figure 5. Voltage-Dependent Ca2Channels and Hebbian Plasticity
terograde tracer Phaseolus vulgaris-leucoagglutininat Thalamic and Cortical Afferents
(PHA-L) into the auditory thalamic nuclei (MGm/PIN) and(A) Thalamic spike timing-dependent LTP is completely blocked by
verapamil (n  5), Ni2 (n  8), and the specific R-VDCC antagonist into the auditory cortex (areaTe3) projecting to the baso-
SNX482 (n  5). Scale bars equal 4 mV and 20 ms. lateral amygdala (LeDoux, 2000). -1E immunohisto-
(B) Thalamic spike timing-dependent LTD is verapamil insensitive chemistry on slices obtained from PHA-L-injected ani-
(n  4) but is blocked by Ni2 (n  5) and SNX-482 (n  5). Scale
mals revealed that thalamic PHA-L-labeled fibers formedbars equal 4 mV and 20 ms.
putative presynaptic boutons that were significantly(C) Cortical LTP induced by sustained postsynaptic depolarization
more likely to be apposed to -1E-immunoreactive pun-is abolished by the L-type Ca2 channel antagonist verapamil (n 
5, p  0.05) and is Ni2 resistant (n  7, p  0.01). Scale bars equal cta as compared to cortical boutons (cortical: n  101
4 mV and 20 ms. boutons from 8 slices; thalamic: n  114 boutons from
8 slices; p  0.05; Figures 8C and 8D). Even though the
population of cortical and thalamic afferents labeled by
in vivo PHA-L injections might not be completely identi-dipine (2 M) affected  [Ca2] more strongly in den-
drites than in spines and did not differentially affect cal to those afferents stimulated in the slice preparation,
this indicates that R-VDCCs are not only preferentiallydistinct spine types (Figures 6C and 6D). Together,
these findings indicate that a preferential activation of activated, but also asymmetrically located at thalamic
and cortical afferents to the LA.R-VDCCs on large spines contributes to the differen-
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Figure 6. Asymmetric Contribution of R-Type Ca2 Channels to [Ca2] Transients Induced by Backpropagating Action Potentials in Small and
Large Spines
(A) Effect of inactivation of R-VDCCs on spine and dendrite [Ca2] transients triggered by backpropagating APs. Left: analyzed spines (arrow)
and parent dendrites. Scale bars equal 2 m. Right: [Ca2] transients (G/R) before (control) and after 10 min of Ni2 application in high
responsive (S, top) and low responsive (S
, bottom) spines. Scale bars equal 20% G/R, 1 s.
(B) Summary graphs of Ni2 effects on [Ca2] transients in low- and high-responsive dendrites (D
, D, left) showing no significant difference
in Ni2 sensitivity between D and D
 dendrites. Middle and right: summary graphs of Ni2 effects on [Ca2] transients in low (S
, n  7) and
high (S, n  7; p  0.001) responsive spines illustrating that Ni2 specifically reduces [Ca2] transients in S spines and that this effect
cannot be explained by a selective action on the parent dendrite.
(C and D) L-VDCC blockade preferentially reduces dendritic [Ca2] transients and does not differentially affect S and S
 spines. Time course
of dendritic and spine [Ca2] transients (G/R) upon blockade of L-VDCCs. Data presented as in (A) and (B). Scale bars equal 25% G/R, 1 s.
Discussion by thalamic afferents. This is indicated by several lines
of evidence: first, we observed that [Ca2] transients
induced by trains of BPAPs were larger in big spinesOur present results show that LA projection neurons
are equipped with two morphologically and functionally as compared to small spines and could be essentially
transformed into small [Ca2] transients by R-VDCCdistinct types of dendritic spines that are contacted by
different presynaptic afferents. In particular, we found blockade. In contrast, [Ca2] transients in small spines
did not involve R-VDCCs. Since spines contacted bythat spines postsynaptic to thalamic afferents exhibit
larger spine heads than cortical spines and that they thalamic afferents exhibit significantly larger spine
heads as compared to cortical spines, these experi-harbor different complements of VDCCs. Most impor-
tantly, the presence of R-type VDCCs endows thalamic ments indicate that R-VDCCs specifically contribute to
BPAP-induced [Ca2] transients at thalamic spines. Sec-synapses with the capacity to express associative long-
term modifications of synaptic strength depending on ond, experiments in which we first identified the presyn-
aptic input by recording afferent stimulation-inducedthe precise timing of pre- and postsynaptic activity. Our
finding that R-VDCCs are preferentially contributing to synaptic, NMDA receptor-mediated [Ca2] transients
clearly demonstrated that subsequent BPAP-inducedspine Ca2 transients in response to AP backpropaga-
tion is consistent with previous experiments in hippo- [Ca2] transients were R-VDCC antagonist sensitive at
thalamic synapses, but not at cortical synapses. Third,campal CA1 pyramidal cells (Sabatini and Svoboda,
2000). by using an immunohistochemical approach, we could
show that R-VDCCs colocalize with the postsynaptic
density marker protein PSD-95. Consistent with our pre-Asymmetric Activation of R-VDCCs at Thalamic
vious experiments, we found a correlation between theand Cortical Afferents
apparent size of the PSD-95 clusters, presumably re-In LA projection neurons, R-VDCCs appear to be prefer-
entially located on and activated at spines contacted flecting spine head diameter and R-VDCC colocaliza-
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Figure 7. Asymmetric Activation of R-VDCCs on Thalamic and Cortical Spines
(A) Top left: identified thalamic spine, scale bar equals 2 m. Identification was performed at 30 mV. The increase of intracellular [Ca2] at
this potential is due to synaptic NMDA receptor activation induced by thalamic afferent stimulation (left) but not upon cortical afferent
stimulation (right).
(B) The same cell is subsequently repolarized to 
70 mV, and brief bursts of backpropagating APs were induced (see inset). The resulting
[Ca2] transients were assessed at identified thalamic spines (S) and their parent dendrites (D) under control conditions (Control) and after
10 min of Ni2 application. Scale bars equal 0.7 s (line scan); 50% G/R and 1 s.
(C) Same experiment for an identified cortical spine. Scale bars equal 0.5 s (line scan); 30% G/R and 1 s.
(D) Averaged data illustrating the time course of  [Ca2] during Ni2 application in dendrites (n  13, p  0.05), thalamic spines (n  7, p 
0.05), and cortical spines (n  6, p  0.05).
tion. Fourth, by using in vivo injection of an anterograde Our results raise the question of whether differences
in spine morphology at thalamic and cortical synapsestracer into the auditory thalamic nuclei (MGm/PIN) and
into the auditory cortex (area Te3) projecting to the LA, might be reflected by functional differences in basal
synaptic transmission. Based on our recordings ofwe found that -1E-containing R-VDCCs are signifi-
cantly more likely to be postsynaptic to putative thala- evoked EPSCs, we could not detect any differential con-
tribution of either AMPA or NMDA receptors to excit-mic boutons. Taken together, these experiments indi-
cate that the asymmetric activation and location of atory transmission at either input. Moreover, recordings
of spontaneous mEPSCs revealed similar amplitudesR-VDDCs at thalamic and cortical spines promote the
afferent-specific induction of STDP. Our results do not and kinetics for quantal events at thalamic and cortical
synapses. Considering their equidistance from theexclude the possibility, however, that additional spine
type-specific signaling pathways might also contribute. soma, this indicates that similar subunit combinations
contribute to AMPA receptor-mediated EPSCs at both
inputs. However, considering the most likely imperfectAfferent-Specific Spine Morphology
While our data clearly demonstrate an association be- voltage-clamp of dendritic spines, we cannot rule out
that additional voltage-dependent conductances spe-tween morphological and functional spine properties,
there remains the questionofwhether themorphological cifically located at thalamic or cortical spinesmight have
compensated for possible differences in mEPSC kinet-differences are causally linked to spine type-specific
Ca2 signaling. Recent studies are consistent with our ics (Tsay and Yuste, 2004). Future electron microscopi-
cal and imaging experiments will have to show whetherobservations suggesting that morphology is a crucial
determinant of Ca2 signaling in dendritic spines (Yuste specific spine morphologies are associated with struc-
tural and/or functional pre- and postsynaptic differ-et al., 2000). In the LA projection neurons studied here,
spine morphology and spine type-specific location of ences.
R-VDCCsmay depend on extrinsic factors, such as thal-
amic afferent innervation or previous activity (Yasuda Synaptic Plasticity at Cortical Afferents
The present results indicate that cortical afferent syn-et al., 2003; Matsuzaki et al., 2004). Alternatively, cell-
autonomous mechanisms may underlie the precise apses, in contrast to thalamic afferents, are insensitive
to brief periods of coincident pre- and postsynapticmatching of pre- and postsynaptic functional and mor-
phological features. spiking. Previous experiments from our laboratory have
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Figure 8. Preferential Location of R-VDCCs at Thalamic Spines
(A) Immunohistochemical distribution of -1E-containing R-VDCCs in the dorsolateral LA. Left: double-labeled sections for the R-VDCC subunit
-1E (red) and the postsynaptic density marker PSD-95 (green). Middle: fluorescence intensity profiles along defined lines (between triangles)
obtained from single optical sections illustrate -1E/PSD-95 colocalization in large PSD-95 clusters (thick arrow), but not in adjacent small
clusters (thin arrows). Scale bar equals 1 m. Right: colocalization of PSD-95 and -1E depends on the apparent size of the PSD-95 clusters.
(B) Left: double-labeled sections for the R-VDCC subunit -1E (red) and the presynaptic marker synaptophysin (green) showing close apposition
of presynaptic structures with -1E-immunoreactive puncta. Right: fluorescence intensity profiles along a defined line (between triangles)
obtained from single optical sections illustrate -1E/synaptophysin apposition. Scale bar equals 1 m.
(C) Left: double-labeled sections showing cortical afferents stained with the anterograde tracer PHA-L (green), and -1E immunoreactive
clusters (red, thin arrow) not apposed to putative presynaptic cortical boutons (thick arrow). Right: intensity profiles along a defined line
(between triangles) were obtained from five projected optical sections separated by 1 m in z. Scale bar equals 0.5 m.
(D) Left: double-labeled sections showing thalamic afferents stained with the anterograde tracer PHA-L (green), and -1E-immunoreactive
clusters (red, thin arrow) apposed to putative presynaptic thalamic boutons (thick arrow). Middle: intensity profiles along a defined line (between
triangles) were obtained from five projected optical sections separated by 1 m in z. Scale bar equals 0.5 m. Right: bar graph illustrating
that a larger proportion of thalamic than cortical boutons are apposed to -1E-immunoreactive clusters (thalamic: n  114 boutons from 8
slices; cortical: n  101 boutons from 8 slices, see Experimental Procedures for quantification).
shown that LTP at cortical afferents can even occur study) and occludes with LTP induced via a presynaptic
mechanism, indicating, at least in part, a shared presyn-completely independent of postsynaptic activity (Hu-
meau et al., 2003). Nevertheless, experiments presented aptic mechanism of expression (Humeau et al., 2003).
In contrast to cortical LTP (Tsvetkov et al., 2002;Humeauhere and work by others suggests that LTD and LTP can
also be induced postsynaptically at cortical synapses et al., 2003), induction of STDP at thalamic afferents
was not associated with a change in PPR, which is(Huang and Kandel, 1998; Tsvetkov et al., 2002, 2004;
Humeauet al., 2003). Postsynaptic induction of plasticity generally taken as an index for alterations in the presyn-
aptic probability of neurotransmitter release. This indi-at cortical synapses appears to depend on the ampli-
tude and duration of postsynaptic depolarization and cates that, at least under our experimental conditions,
cortical and thalamic afferent synapses onto LA projec-Ca2 dynamics. Interestingly, postsynaptically induced
LTP at cortical afferents is R-VDCC independent (this tion neurons differ not only with respect to the locus of
Functional Diversity of Spines in the Amygdala
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LTP induction, but also with respect to the expression of presynaptic input and dendritic spines enables LA
projection neurons to independently integrate thalamicmechanism.
Consistent with an important role for L-VDCCs during and cortical sensory input and to adjust synaptic effi-
cacy in an afferent-specific manner.fear conditioning (Bauer et al., 2002; Shinnick-Gallagher
et al., 2003; but see Cain et al., 2002), L-VDCC activation
Experimental Proceduresappeared to be required for the postsynaptic induction
LTP at thalamic and cortical afferents, irrespective of
Slice Preparation
whether it was induced by BPAPs or sustained postsyn- Standard procedures were used to prepare 350 m thick coronal
aptic depolarization. At thalamic synapses, induction of slices from 3- to 4-week-old male C57BL/6J mice following a proto-
col approved by the Veterinary Department of the Canton of Basel-spike timing-dependent LTD differed from its counter-
Stadt (Humeau et al., 2003). Briefly, the brain was dissected in ice-part LTP in that it was L-VDCC independent. Apart from
cold artificial cerebrospinal fluid (ACSF), mounted on an agar block,L-VDCC activation, spike timing-dependent LTD and
and sliced with a Dosaka vibratome (Kyoto, Japan) at 4C. SlicesLTP exhibited the same pharmacology, suggesting ad-
were maintained for 45 min at 35C in an interface chamber con-
ditional LTD-specific routes of Ca2 entry, such as met- taining ACSF equilibrated with 95% O2/5% CO2 and containing (in
abotropic glutamate receptor-induced release from in- mM) 124 NaCl, 2.7 KCl, 2 CaCl2, 1.3 MgCl2, 26 NaHCO3, 0.4 NaH2PO4,
18 glucose, 4 ascorbate, and then for at least 45min at room temper-tracellular Ca2 stores (Heinbockel and Pape, 2000;
ature before being transferred to a superfusing recording chamber.Normann et al., 2000).
Electrophysiology
Structural Basis and Functional Implications of Whole-cell recordings from LA projection neurons were performed
Afferent-Specific Plasticity in the Amygdala at 30C–32C in a superfusing chamber. Neurons were visually iden-
tified with infrared videomicroscopy using an upright microscopeWhat might be the physiological relevance for afferent-
equipped with a 40 objective (Olympus). Patch electrodes (3–5specific changes in synaptic efficacy in the LA? Recent
M) were pulled from borosilicate glass tubing and normally filledevidence indicates that postsynaptic spiking of LA pro-
with a solution containing (in mM) 120 K-gluconate, 20 KCl, 10jection neurons is not necessary for fear learning to
HEPES, 10 phosphocreatine, 4 Mg-ATP, and 0.3 Na-GTP (pH ad-
occur but that postsynaptic spiking is associated with justed to 7.25 with KOH or CsOH, respectively, 295 mOsm). For
a more efficient acquisition of fear conditioning (Rosen- voltage-clamp experiments, K-gluconate was replaced by equimo-
lar Cs-gluconate. All experiments were performed in the presencekranz et al., 2003). In keeping with the notion that
of picrotoxin (100 M). In current-clamp recordings, membrane po-R-VDCCs are most efficiently activated by backpropa-
tential was kept manually at 
70 mV. Data were recorded withgating APs (Sabatini and Svoboda, 2000), it has been
an Axopatch200B, filtered at 2 kHz, and digitized at 10 kHz. Inshown that mice deficient for the R-type-specific -1E
all experiments, series resistance was monitored throughout the
subunit exhibit a delayed acquisition of cued auditory experiment by applying a hyperpolarizing current or voltage pulse,
fear conditioning (Kubota et al., 2001). This might indi- and if it changed by more than 15%, the data were not included in
the analysis. Data were acquired and analyzed with ClampEx8.0,cate that whereas cortical afferent synapses are able
ClampFit8.0 (Axon Instruments, CA), Mini Analysis Program (Synap-to sample surrounding patterns of activity of thalamic
tosoft, CA), and the LTP Program (W. Anderson, University of Bristol,afferents bymeans of presynaptic NMDA receptors (Hu-
UK). Monosynaptic EPSPs exhibiting constant 10%–90% rise timesmeau et al., 2003), a process that could possibly be
and latencies were elicited by stimulation of afferent fibers with a
involved in stimulus discrimination (Jarrell et al., 1987; bipolar twisted platinum/10% iridium wire (25 m diameter). Al-
but see Armony et al., 1997), thalamic afferent synapses though we never observed any antidromic spikes, we cannot ex-
clude that some efferent fibers originating from LA projection neu-appear to be particularly suited tomediate rapid acquisi-
rons were stimulated. LTP was induced by pairing 3 monosynaptiction of conditioned fear during periods of strong sensory
EPSPs with 3 APs elicited by 0.5 nA, 5 ms current steps at 30 Hzexperience associated with postsynaptic AP firing in LA
(18). Pairing patterns were repeated 15 at 0.2 Hz. EPSP-AP delaysprojection neurons.
were determined from the onset of the EPSP to the peak of the AP.
Unlike other projection neurons, such as hippocampal LTP or LTD were quantified for statistical comparisons by normaliz-
or cortical pyramidal cells or cerebellar Purkinje cells, ing and averaging EPSP slopes during the last 5 min of experiments
relative to 5 min of baseline. Depicted traces show averaged EPSPswhere functionally distinct afferent inputs impinge on
for 2 min of baseline and 2 min of LTP/LTD (20–25 min after pairing).different dendritic compartments (Magee, 1999; Holthoff
All values are expressed as means  SEM. Statistical comparisonset al., 2002; Nimchinsky et al., 2002; Isomura et al., 2002;
were done with paired or unpaired Student’s t test as appropriateYuste and Bonhoeffer, 2004), cortical and thalamic
(two-tailed p  0.05 was considered significant).
spines on LA projection neurons are intermingled on the
same dendritic branches. Moreover, in keeping with the Imaging
Cells were filled via a patch pipette with normal K or Cs basednuclear organization, LA projection neuron dendrites do
intracellular solution containing 40 M Alexa-594 (Ca2-insensitivenot exhibit any apparent polarization into basal and api-
dye, red fluorescence) and 200 M Fluo-5F (medium-affinity Ca2-cal dendrites, nor do they show tuft-like distal arboriza-
indicator, green fluorescence). After gaining access to the cell, dyestions that can form a functionally separate compartment
were allowed to equilibrate by diffusion for at least 15 min. For the
allowing sub- and suprathreshold integration of distal optical measurements, we used a custom-made two-photon laser
synaptic input (Larkum et al., 1999; Magee, 2000; Ha¨us- scanningmicroscope based on amodified Fluoview (Olympus, Swit-
zerland) confocal microscope using a 60  0.9NA objective (LUM-ser et al., 2000; Wei et al., 2001; Williams and Stuart,
PlanFI, Olympus) coupled to an ultrafast Ti:sapphire laser (Mai-Tai,2003). Thus, consistent with recent physiological find-
Spectra-Physics, Germany) tuned to a  of 800 nm. Fluorescenceings (Humeau et al., 2003; Doye`re et al., 2003; Tsvetkov
was detected as epifluorescence by 2 internal PMTs (Olympus).et al., 2004), our morphological data indicate that there
SDM570 and BA510IF and BA565IF barrier filters were placed in the
may be close functional interactions between cortical “green” and the “red” pathways, respectively, to eliminate transmit-
and thalamic sensory input, possibly at the level of indi- ted or reflected excitation light. Fluorescence intensities were ac-
quired and analyzed with Fluoview software (FV300, Olympus). Thevidual synapses. At the same time, the precisematching
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ratio G/R (Fluo5F/Alexa594) was used to avoid large errors due to the Received: August 16, 2004
Revised: October 12, 2004very low resting fluorescence of Fluo5F and to eliminate movement
artifacts (Yasuda et al., 2003). [Ca2] changes were measured as Accepted: November 22, 2004
Published: January 5, 2005the difference between the ratios G/R before and after stimulation
and expressed as (G/R) in % of baseline value.
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